INTRODUCTION
Mercury (Hg) is a toxic heavy metal that has been named the third priority pollutant of concern by US regulatory bodies. 1 The toxicity of Hg is complex and differs based on chemical speciation. 2 Humans are primarily exposed to two species of Hg: methylmercury via fish consumption and inorganic Hg (as elemental Hg vapor) via dental amalgams. 2, 3 As such, exposures to Hg impact both the public and certain occupational groups (e.g., dentists and miners) worldwide. Hg exposure among dental professionals has been documented over time in the United States and has been declining because of changes in practice. [4] [5] [6] [7] Chronic low-dose exposures to both methylmercury and elemental Hg is common. However, the health impact of the dual exposures is still not fully characterized, and studies often focus on only one Hg species.
The primary source of elemental Hg exposure for most people worldwide is through dental amalgam restorations, which comprises approximately 50% elemental Hg. 3 Overtime, Hg vaporizes, is absorbed in the lungs, and accumulates primarily in the kidneys following chronic exposure. 2 Urinary excretion can reflect this form of Hg, especially when a significant source of elemental Hg exposure (such as amalgams) exists. 8, 9 Dental professionals exhibit higher levels of urinary Hg that correlate with their exposure from working with amalgam. 7 Currently, the US Food and Drug Administration considers dental amalgam to be a class II medical device. 10 In general, Hg exposure from dental amalgam is considered safe. 11 Dental professionals exhibit greater exposures to elemental Hg because of their practice, although the levels are much lower than that of other occupationally exposed groups such as small-scale gold miners. 12 The debate about safe levels of ambient occupational exposure to Hg vapor is ongoing (see review, Richardson et al. 13 ). Furthermore, genetic susceptibility (see review, Basu et al. 14 ) and interaction with other toxicants 15 including methylmercury may also impact risk from chronic Hg exposure at relatively low doses.
Methylmercury is another Hg species of concern that the general public is exposed to via fish. 2 Higher socioeconomic status and education are linked with greater fish consumption in countries such as the United States, suggesting that dental professionals may have elevated exposures to methylmercury. 16 Methylmercury risk assessment in the past has focused on neurodevelopmental impacts from in utero exposure as the primary public health concern. 17 However, the impacts of methylmercury exposure in adulthood on cardiovascular and metabolic health outcomes are now becoming apparent. [18] [19] [20] Risk-benefit balance and recommendations for safe fish consumption are complicated by the multitude of beneficial nutrients in fish that promote cardiovascular health, 21 genetic susceptibility to toxicity from or accumulation of methylmercury 14 and interactions between exposure mixtures including chronic, low-dose exposures to both Hg species.
Although much is known about elemental Hg exposure among dental professionals, the extent of concurrent methylmercury exposure from fish consumption among this group is largely unknown. The purpose of this study was to increase understanding of exposures to both forms of Hg by conducting detailed exposure assessments and biomarker analyses. We recruited dental professionals from the American Dental Association (ADA, n = 630) and collected information on two sources of Hg exposure. Owing to their occupation and socioeconomic status, we hypothesized that the ADA participants would have elevated urine Hg concentrations (indicative of elemental Hg exposure) and hair and blood Hg concentrations (representative of methylmercury exposure) compared with the general US population.
MATERIALS AND METHODS

Participant Recruitment
In October 2012, dental professionals (including dentists, dental hygienists or assistants, dental students, and office managers) attending the Health Screening Program at the ADA Annual Session in San Francisco, CA were recruited to participate in this study. All participants provided written consent before participation. Institutional Review Board approval was obtained from the University of Michigan (HUM00068339) and the ADA. The study aims were to determine sources of exposure to methylmercury and elemental Hg among dental professionals and to measure Hg biomarker levels. Individuals were allowed to participate even if they did not provide all biomarkers of interest or complete all questionnaires. Data were collected from 908 individuals, although only 630 subjects provided at least one biomarker (urine, hair and blood) for Hg analysis. Of these, 442 dental professionals provided extensive data on fish consumption patterns. This article details Hg exposure biomarkers and exposure sources, and thus includes available data from 630 dental professionals with Hg biomarkers.
Biospecimens were collected for laboratory analyses. Trained phlebotomists obtained blood samples (for Hg analyses) via venipuncture of the antecubital fossa into BD Vacutainer tubes certified for trace metals analysis. As previously described by us, hair was collected from the occipital region of the scalp. 22 Single void spot urine samples were collected in metal-free containers at a random time of day (between 0800 and 1700 hours) similar to our previous collection and kept at 4°C until Hg analysis, which occurred within 1 month of collection. 6 Height, weight and waist circumference were measured by trained health professionals.
Questionnaire Data
Participants completed two self-administered surveys detailing demographics (e.g., age, sex and race), occupational practices, smoking status, fish consumption patterns and medical history. Sources of exposure to elemental Hg were evaluated (e.g., number of amalgams placed/removed per week, hours worked per week, years in dental practice and number of personal amalgams). Subjects reported fish consumption patterns over the past 3 months (consumption frequency, portion size and species). An estimated daily fish methylmercury intake value (μg/kg body weight/day) was calculated based on reported fish consumption and species-specific Hg concentrations reported by the US Food and Drug Administration Monitoring Program in the most recent years available (see Supplementary  Table 1 ) as previously described. [22] [23] [24] [25] [26] [27] Hg Biomarkers Total Hg levels were analyzed in whole blood (0.4 ml) and hair samples using a Direct Mercury Analyzer (DMA-80, Milestone, Shelton, CT, USA) according to US EPA method 7473 as detailed by us. 12, 22 For hair Hg measurement, 5-10 mg of hair 2-cm long from the proximal end was used. Hair was washed with acetone, rinsed three times with Milli-Q water and dried overnight before analysis. Quality control included running procedural blanks, sample replicates and one certified reference material (CRMs; NIES CRM #13 for hair, INSPQ QMEQAS for blood and DOLT-4 dogfish liver (Canadian National Research Council) as a general CRM) every 10 samples. Mean recovery (± SD) of the CRMs was 95.6 ±6.7% for NIES hair, 99.8 ± 10.6% for QMEQAS blood and 100 ± 5.9% for DOLT-4 dogfish liver. Analytical precision was assessed by running replicate CRM samples and ADA samples (every tenth sample). CRM replicates had good withinday (averages for the three CRMs ranged from 1.8% to 8.0% CV) and between-day (5.3% to 10.3% CV) agreement. Variability of replicate ADA hair and blood samples averaged 9.3% CV and 7.9% CV, respectively. The analytical detection limit, calculated as three times the SD of blank values was 0.09 ng Hg for hair and 0.23 μg/l for blood.
Urine Hg (2 ml) was measured via cold vapor atomic absorption spectroscopy at the ADA laboratory. 6, 7 Quality control at the ADA laboratory included running a procedural blank and a 2 μ/l Hg standard every 15 samples. No samples fell below the analytical detection limit of 0.025 μg/l. Specific gravity of urine samples was measured using a refractometer (PAL-10S, Atago U.S.A., WA, USA). Urine Hg values were adjusted by specific gravity to decrease variability associated with spot urine sampling 28, 29 according to the formula: (adjusted urine Hg = urine Hg * (PSG/SG)) where PGS = (average ADA-specific gravity-1) * 1000 and SG = (individual-specific gravity-1 * 1000). Specific gravity adjusted values are used unless otherwise indicated.
Statistical Analyses
All statistical analyses were performed using SAS v. 9.3 (SAS Institute, Cary, NC, USA). Tests were considered statistically significant when P-value o0.05. First, data distributions and univariate descriptive statistics were examined for all variables. Several implausible outliers were removed from the data set (e.g., placing or removing 4150 amalgams per week, 430 personal amalgams, consuming all 27 fish species multiple times per month). Hg biomarker data and estimated Hg from fish consumption were natural log transformed to achieve normality, and the log-transformed values were used for analyses unless otherwise indicated. Statistical analyses included all subjects with the appropriate data for a given procedure, and as such sample sizes differ across analyses.
Relationships between Hg biomarkers and continuous demographic (e.g., age) or exposure source (e.g., years working, amalgams placed and removed, hours worked per week) variables were examined using Spearman Rank-Order Correlations for non-transformed data or Pearson correlations for log-transformed data. We performed ANOVA to compare Hg biomarker levels among categorical variables (sex, race, occupation and yes/no amalgam use questions). Welch's ANOVA was used instead if variances were not homogenous according to Levene's test.
Linear regression was used to determine the predictors of Hg biomarker levels. Hair, blood or urine Hg (adjusted by average specific gravity) 28, 29 were all natural log transformed first. An automatic backward elimination method was used to remove variables contributing the least to the model until only predictors with Po0.1 remained. All variables hypothesized to influence Hg exposure biomarker levels were originally included (amalgams, amalgams removed and placed, intake of Hg from fish consumption, occupation, sex, age, hours worked per week, smoking status (former/current vs never smoker), BMI, race, and hemoglobin and red blood cell count (RBC; in blood Hg model)). Key hypothesized variables that were not selected in the elimination procedure were added one by one to the selected model, and variables with Po0.05 were retained in the final model. Age and total years working in the dental industry were highly correlated, and as such either one could be included in the final models with similar effect. In the hair and blood Hg models, age is included. Total years in dental practice is included in the urine Hg models. Final models were run in the total population and in dentists alone. An additional stratified analysis was run to statistically assess any cross-over of methylmercury exposure in urine or elemental Hg in hair and blood among individuals with low levels of reported exposure to the other species. The urine Hg model was run with and without fish Hg among individuals with small numbers of personal amalgams (o6) and/or occupationally handled amalgams (o20). Hair and blood Hg models were performed with and without amalgams and amalgams handled among subjects with limited fish consumption (o25th, o50th and o75th percentiles of estimated fish Hg).
RESULTS
ADA Participant Characteristics
In 2012, 908 attendees of the ADA Annual Session provided samples and/or questionnaire data by participating in the Health Screening Program, and 630 of these participants provided sufficient data (e.g., at least one Hg biomarker) to be included here (see Table 1 for descriptive statistics). The ADA study population largely consisted of dentists (90.4%) and males (64.3%) who were middle-aged (mean ± SD 54.8 ± 11.4 years) although the age distribution was wide (range 21-82 years). Participants were primarily Caucasian (65.4%) or Asian (26.9%). Occupations differed among males and females. In all, 98.2% of males were dentists compared with 76% of females of which 20.6% were dental hygienists or dental assistants (χ 2 test P o 0.0001 for occupational comparisons).
Hg Biomarker Levels Total Hg concentrations were measured in hair, blood and urine samples. Urine Hg values were adjusted by specific gravity to decrease variability from urinary dilution. Hg levels are presented in Table 2 . Geometric means (GMs, 95% CI) were 0.60 (0.54-0.67) μg/g for hair Hg, 3.67 (3.37-3.98) μg/l for blood Hg and 1.28 (1.19-1.37) μg/l for unadjusted urine Hg. Hg levels ranged from 0.02 to 7.45 μg/g in hair, 0.16 to 25.3 μg/l in blood and 0.13-13.1 μg/l in urine. The GM for the hair to blood Hg ratio was 165 (151-180).
Hair and blood Hg levels, biomarkers of methylmercury exposure, were highly correlated (Pearson r = 0.60; Figure 1a ). Urine Hg was correlated with hair (r = 0.29) and blood (r = 0.31) Hg to a lesser yet statistically significant extent (Figure 1b and c). Hair and urine Hg levels were higher among dentists compared with dental hygienists and assistants or other occupations related to the dental profession (Table 3) . Hg levels were also significantly higher in hair, blood and urine of males compared with females (Table 3) , and the sex difference for urine Hg remained statistically significant (ANOVA P o 0.0001) even when excluding non-dentists.
Hg Exposure Sources Details on sources of exposure to both elemental Hg via amalgams and methylmercury via fish consumption were collected with a questionnaire. Descriptive statistics for the exposure sources are presented in Table 4 .
Elemental Hg. Occupational practices (e.g., working hours, use of amalgam or composite resin) varied widely among study subjects. Among dentists currently in practice (n = 457), 84.9% remove or place Hg-containing amalgams (1-200 per week), although only 4.2% handle at least 50 amalgams per week. In all, 8.3% of practicing dentists worked solely with composite resins, and 6.8% did not handle either composite resins or amalgams.
Spearman's rank-order correlation was used to examine relationships between non-transformed Hg biomarker levels (urine Hg was first adjusted for specific gravity) and elemental Hg exposure sources (see Supplementary Table 2 ). Handling amalgams in the occupational setting, number of amalgams in each individual's mouth and years working in the dental practice were positively correlated with urine Hg levels. Only years working was significantly correlated with blood or hair Hg. Similarly, urine, blood and hair Hg levels increased with age (Spearman's rho, ρ = 0.24, P o 0.0001; ρ = 0.09, P = 0.05; ρ = 0.17, P = 0.0007, respectively). As expected, total and posterior composite resins placed per week did not correlate with Hg biomarker levels. Urine Hg levels were greater among individuals who reported using amalgam or specifically pre-capsulated amalgam in their offices in the past year compared with professionals who did not (Supplementary Table 3 , ANOVA tests). Recycling amalgam waste in traps or filters led to a near significant increase in urine Hg (P = 0.07). No differences in Hg biomarker levels were observed based on use of amalgam separators or experiencing a Hg spill in the office in the previous year.
Methylmercury. Detailed data on fish consumption patterns of the past 3 months (e.g., frequency of consumption of 27 species of fish, portion size at each fish meal) was collected from 441 participants ( Table 4, Supplementary Table 1 ). In all, 95.2% of participants consumed fish in the preceding 3 months, and hair and blood Hg levels were significantly greater among those consuming fish (Welch's ANOVA P o 0.0001). Participants averaged 10.2 fish meals per month. An estimated Hg intake from fish consumption (μg/kg body weight/day) based on available Hg data in each fish species from US databases (Supplementary Table 1) was calculated as we previously described. 22, 27 Supplementary Table 1 details average Hg levels assumed for each fish species, average consumption of each fish among the study participants and average intake of Hg from each fish across study participants. Owing to different concentrations of Hg in each fish species, the most commonly consumed fish (salmon, shrimp, white and light canned tuna, and tilapia) were not necessarily the species contributing the most to Hg intake (swordfish, fresh tuna, canned white tuna, king mackerel and whitefish) in this group of dental professionals.
Correlations between non-transformed Hg biomarker levels and fish consumption variables were estimated using Spearman's rank-order correlation (see Supplementary Table 4 ). Estimated Hg intake from fish correlated well with increasing hair and blood Hg and weakly with urine Hg. 
Predictors of Hg Biomarker Levels
Predictors of Hg biomarker levels were elucidated by running multivariable linear regression with available demographic, methylmercury and elemental Hg source variables ( Table 5) . The best models explained 25%, 23% and 12% of the variation in urine Hg, hair Hg, and blood Hg, respectively.
Elemental Hg. Predictors of urine Hg levels were total years in dental practice, sex, number of amalgams in the subject's mouth, hours worked per week, and number of amalgams placed and removed ("handled") in the dental office. Age, which is highly correlated with total years in dental practice (Spearman ρ = 0.92), also predicted urine Hg levels. Total years working as a dental professional was included in the final model instead of age because (1) it led to a better model fit, and (2) it may serve as an indicator of number of years with elemental Hg exposure. When this model was run in the subset of dentists (n = 302), the adjusted r 2 was 0.24, and exhibited similar beta estimates and significance levels (although significance of sex and amalgams handled decreased slightly, Po0.1). The sample size varied considerably depending on which variables were included in the model. Hg levels and specific gravity were analyzed in 600 urine samples, but many subjects only provided data on a few variables of interest (e.g., years in dental profession and personal amalgams). Estimates for predictors were similar (e.g., direction and magnitude) but model fit decreased when urine Hg was not adjusted for specific gravity.
Initially, estimated Hg intake from fish (a source of methylmercury exposure) did not attain significance in the urine Hg models of the total population. We examined the contribution of fish Hg to urine Hg levels among subjects with limited sources of exposure to elemental Hg because previous isotope research suggested that some Hg in urine reflects methylmercury exposure. 9 Among dental professionals with o6 personal amalgams (the 75th percentile), the same variables predicted urine Hg levels with an adjusted r 2 of 0.19 (n = 223), but Hg intake from fish consumption was an additional significant predictor and increased the adjusted r 2 to 0.25. When excluding subjects in the highest quartile of personal amalgams (≥6) and/or of amalgams handled in the dental practice (≥20), fish Hg was a significant predictor of urine Hg levels. The inclusion of fish Hg increased the model adjusted r 2 from 0.18 to 0.21 (n = 167, data not shown).
Methylmercury. The best predictor of both hair and blood Hg was Hg intake from fish consumption, and levels also increased with age (Table 5) . No elemental Hg exposure sources predicted increasing hair or blood Hg levels (although amalgams were negatively associated with hair Hg in some models). Although either age or total years working in the dental practice predicted hair and blood Hg in a similar manner, age was included in the final models because workplace exposures did not predict hair and blood Hg levels. Blood Hg levels also increased with RBC count, and to a lesser extent, hemoglobin levels. When testing the models among subjects with o 25th, o 50th or o75th percentiles of Hg intake from fish, fish Hg remained a strong predictor, and elemental Hg sources (amalgams, amalgams handled) did not predict hair or blood Hg concentrations (data not shown). When examining the contribution of individual fish species to hair and blood Hg levels, including only the five species providing the greatest portion of Hg intake (swordfish, fresh tuna, canned white tuna, king mackerel and whitefish) along with other model covariates predicted hair and blood Hg levels nearly as well as the original model including all 27 fish (497% of the adjusted r 2 for the main model, see Figure 2 ). When including only estimated Hg from the five most frequently consumed fish (salmon, shrimp, white canned tuna, tilapia and light canned tuna) instead for the fish Hg variable, the adjusted r 2 was reduced to 0.052 and 0.109 for blood and hair Hg, respectively. Including only light and white canned tuna, two popularly consumed fish preparations, in the fish Hg intake variable resulted in models for blood and hair Hg with adjusted r 2 of 0.036 and 0.086 ( Figure 2 ).
DISCUSSION
In this study, we characterized major sources of exposure to elemental Hg and methylmercury among dental professionals attending the Health Screening Program at the 2012 ADA Annual Session (n = 630 participants). Dental professionals have occupational exposure to elemental Hg from dental amalgam restorations, which consist of approximately 50% Hg. 11 Furthermore, dental professionals are environmentally exposed to methylmercury via fish consumption, possibly more-so than the average population because of socioeconomic status, 16 and elemental Hg via dental amalgams in their own mouths. These dental professionals exhibited higher hair, blood and urine Hg levels ( Table 2 ) compared with the US population according to the NHANES, 30 ,31 yet distributions overlapped considerably making this group relevant for the study of chronic low-dose exposure to two Hg species in the general population.
Over the last few decades, urine Hg levels monitored among ADA Annual Session attendees have demonstrated steady declines among dental professionals. [5] [6] [7] Notably, reported arithmetic means decreased from 14.2 μg/l (average from 1975 to 1983) to 1.98 μg/l in 2012 (this study, dentists, unadjusted). Similarly, maximums 450 μg/l observed in the past were more than the maximum observed here (13.1 μg/l, unadjusted). The Hg Parameter estimates (SE) and their respective P-values (below, in bold if Po 0.05) are reported for the best models predicting natural log-transformed biomarker levels. Urine Hg is specific gravity adjusted. Modeling non-adjusted urine Hg resulted in the same predictors with a worse fit (adjusted r 2 = 0.18). Abbreviation: Hg, mercury. a Hair Hg model: β 0 = intercept, β 1 = age (years), β 2 = estimated Hg intake from fish consumption (log transformed, μg Hg/kg body weight/day). b Blood Hg model: β 0 = intercept, β 1 = age (years), β 2 = estimated Hg intake from fish consumption (log transformed, μg Hg/kg body weight/day), β 3 = red blood cell count (×10 6 /μl). c Urine Hg model: β 0 = intercept, β 1 = total years in dental practice, β 2 = female (vs male reference), β 3 = amalgams in mouth, β 4 = hours worked per week, β 5 = amalgams handled in the dental office per week (placed+removed). levels we measured were similar to other recent studies among dental professionals in Michigan (GM 0.93 μg/l among the dentists, recruited in 2009-2010), 27 Washington (2.5 μg/l among all recruited dentists in 1998) 32 and West Scotland (2.58 nmol/ mmol creatinine, recruited in early 2000s) 33 compared with 1.40 μg/l (GM, unadjusted, dentists only) in this study. Although exposure differences among participants in each study (e.g., proportion of volunteers using amalgam, number of years in practice) may contribute to differences observed across studies, overall a trend for decreasing Hg levels among dental professionals is apparent. Although 84.9% of working dentists in this study reported placing and removing amalgams, use may still be declining. Only 4.2% of dentists in this study remove or place 450 amalgams per week, and almost all professionals worked with both amalgam and composite resins. Lower urine Hg levels also likely reflect improvements in protective measures when working with Hg in amalgam. 4 For example, among dentists handling amalgams, 74.7% reported using solely pre-capsulated amalgam, 52.1% recycle Hg waste collected in traps with vacuum pump filters, 42.1% use amalgam separators to prevent Hg particles from entering wastewater 34 and only 2.3% have experienced a Hg spill in the past year. Furthermore, 498% of dental professionals in this study wear gloves and face masks, although these protect better against infectious agents than Hg, which is primarily inhaled in vapor form. 2 Future work with the ADA study may have relevance to the general US population with regards to elemental Hg levels. The GM in this dental population (unadjusted urine Hg) was nearly three times higher than that of US adults enrolled in the 2007-2008 NHANES (0.48, 95% CI 0.44-0.52, n = 1861) 31 but distributions overlapped considerably. Furthermore, personal amalgams, an exposure source shared by the general population, explained a large portion of inter-individual urine Hg variance after adjustment for urinary-specific gravity, sex, amalgams handled in the office, years in practice and hours worked per week. An interquartile increase in number of personal amalgams predicts a 1.5 μg/l increase in urine Hg concentration compared with a 1.1 μg/l increase from either an interquartile shift in amalgams handled at the office, hours worked per week or total years in the dental practice. Exposure sources predicting urine Hg levels (personal amalgams and occupational exposures) in this study were similar to that of other studies focused on dental professionals. 7, 27 We observed significantly higher urine Hg levels among men even when excluding non-dentists and adjusting for exposure sources and BMI in multivariable linear regression. Sex differences in Hg levels have been observed in other dental populations. 6, 7, 13 Toxicokinetic differences between the sexes may underlie differences in urinary Hg levels. Mouse studies suggest that inorganic Hg is more rapidly eliminated in males because of greater accumulation in the kidneys whereas more Hg is taken up by neurons in females. [35] [36] [37] Thus, lower levels in females could reflect less urinary excretion and greater retention as opposed to a lower body burden overall compared with males.
Total Hg concentrations in hair and blood primarily reflect organic Hg (methylmercury) exposure. 8 In the ADA study, we observed higher average hair and blood Hg levels compared with the general US population, although distributions overlapped. This difference is likely due to fish consumption patterns as ADA participants consumed nearly double the amount of fish compared with NHANES adults (31.7 vs 17.3 g per day). 38 NHANES measured hair Hg in women and children recruited in 1999-2000. Hair Hg levels were on average 2.7 times higher among ADA females compared with the NHANES women (GM 0.53 vs 0.2 μg/g), 30 and ADA males had significantly great hair Hg levels than the ADA females (GM 0.66 μg/g). Similarly, blood Hg levels among all ADA participants is 3.5 times higher than US adults aged 20 and older measured as part of the 2009-2010 NHANES (GM 3.67 vs 1.04 μg/l). 31 Males in the ADA study had higher hair and blood Hg levels than females, something we also observed in the Michigan Dental Association study. 22 A substantial proportion of ADA participants self-identified as Asian (26.9%), and this group had higher hair and blood Hg levels compared with other races. This difference can largely be explained by fish consumption patterns of the Asian participants. For example, based on our estimates, 37% of all subjects consumed levels of Hg in fish above the current US EPA reference dose of 0.1 μg/kg/day. 39 Among Asians, 44% were above the reference dose. In addition, 55% of all subjects had blood Hg levels 43.5 μg/l, a reference level set by the US EPA, whereas 63% of Asians were over this mark. This reference level was designed to protect against neurodevelopmental impacts from prenatal exposure to methylmercury. 40 Although Hg levels in the ADA are many fold lower compared with at-risk groups such as populations subsisting on fish and sea mammals, 41, 42 hair Hg and blood Hg levels in the study population are higher than other studies conducted in the United States including a study of women of child-bearing age conducted as part of the NHANES, 43 and our previous study of dental professionals from the state of Michigan. 22, 27 Furthermore, among female ADA participants of child-bearing age (o 45 years), 60% of Asians and 25% of women from all other races exceeded the blood Hg reference Figure 2 . Mercury (Hg) intake and hair and blood Hg levels. Estimated Hg intake (μg Hg/kg body weight/day) from reported fish consumption correlated with (a) hair Hg and (b) blood Hg levels. Regression lines representing relationships between fish Hg and hair Hg (adjusting for age) or blood Hg (adjusting for age and red blood cell count) are depicted for Hg intake estimated from 27 types of fish, the five fish contributing the greatest to Hg body burden, the five most frequently consumed fish, and canned tuna only. Lines end at the maximum intake from the respective group of fish. Model fit (adjusted r 2 ) was the best for the models containing information based on all 27 fish species. level (3.5 μg/l). Cardiovascular and metabolic health impacts from methylmercury exposure are also of concern to this middle-aged group, [18] [19] [20] and will be examined in future work. Fish consumption patterns may be influenced by region of residency, higher socioeconomic status and race (Asian vs other), and these factors may be important for identifying subgroups from the broader population with greater exposure. 16, [44] [45] [46] [47] Hg concentrations in hair and blood were largely explained by fish consumption (Table 5 ). An interquartile increase in (log transformed) estimated Hg intake from fish led to a 1.4 μg/l increase in blood Hg or a 1.7 μg/g increase in hair Hg. When considering the contribution of fish to Hg body burden, it is important to take into account both the amount of fish consumed and the species-specific Hg concentration. The most variability in blood and hair Hg levels was accounted for in models including Hg intake from 27 types of fish included in the survey. However, inclusion of five species contributing the most to Hg intake (swordfish, fresh tuna, white canned tuna, whitefish and king mackerel) explained nearly as much variability as the model with all 27. Inclusion of only the top five most frequently consumed species (salmon, shrimp, white and light canned tuna, and tilapia) greatly reduced the amount of predicted variability in blood and hair Hg ( o50% of full model, see Figure 2 ). Thus, detailed fish consumption patterns on multiple species, especially those known to have high Hg levels, are preferable to improve accuracy of exposure assessment compared with general measures of fish intake (e.g., total fish meals per month of any species). After accounting for Hg intake from fish, age remained positively associated with hair and blood Hg levels. This relationship has been observed in other studies 30, 43, 45 and may reflect accumulation over time or changes in Hg toxicokinetics with age. The majority of Hg in blood is found bound to proteins in RBCs such as hemoglobin. As such, inclusion of RBC count improved predictive capabilities in the blood Hg model to a greater extent than hemoglobin, which has also been found to improve precision. 48 Variability unaccounted for in hair and blood Hg models may reflect many factors including genetic differences in Hg toxicokinetics (see review Basu et al. 14 ) , consumption of fish species not included in the survey, and timing of fish meals, especially with regards to blood Hg, which peaks for approximately 1 day following a fish meal. 2 The biomarkers selected for total Hg analysis in this study are commonly assumed to represent elemental Hg (urine) and methylmercury (hair, blood) exposure in the Hg literature. 8 Multivariable analysis largely supported this assumption as fish consumption predicted hair and blood Hg levels, whereas elemental Hg exposure sources (e.g., amalgams) did not. Urine Hg was predicted by elemental Hg exposure sources but not fish consumption in the total population. However, recent isotope work suggests that not all urine Hg is reflective of elemental Hg exposures; some reflects demethylated Hg from fish consumption. 9 As such, we ran additional analyses in this study to model the contribution of fish Hg to urine Hg levels among subgroups with varying degrees of exposure to elemental Hg sources. These analyses demonstrated that fish Hg associated with urine Hg levels among subjects regularly exposed to less elemental Hg (e.g., individuals with o6 amalgams), and this should be taken into account in studies using urine Hg to represent elemental Hg exposure. Fish Hg remained the only Hg source of either species predicting hair and blood Hg levels even among subgroups with low levels of fish consumption (e.g., lowest quartile of fish Hg).
This study had many strengths including analysis of three Hg biomarkers and detailed reporting of exposure sources to both common Hg species: elemental Hg (from occupational practices and personal amalgams) and methylmercury (from consumption of 27 types of fish). Despite these strengths, this study was limited by the cross-sectional study design. Sources of Hg exposure were reported based on occupational practices in the past year, and fish consumption in the past 3 months. Similarly, Hg biomarker levels are reflective of recent exposures, although there is evidence that among individuals with consistent exposure (e.g., from a consistent fish consumption pattern or amalgams), a steadystate level is achieved and hair or urine can reflect chronic exposure. 3, 49 A convenience sampling approach was used, which could have resulted in recruitment of a non-representative group of dentists (with either higher or lower Hg exposure). However, dental professionals did not know their Hg levels before participating, and participants displayed varied exposures from personal amalgams (range 0-15), amalgams in the workplace (removing or placing 0-200 per week) and fish consumption (none to 41 fish meal per day) that enabled us to examine a range of Hg exposures that overlap with that of the US population according to the NHANES. Spot urine samples were collected here (between 0800 and 1700 hours) although 24-h urine collection is the gold standard. Although diurnal variation in urinary Hg levels has been observed in females, it is not typically found among males. 50 To decrease variability from spot sampling, we adjusted urine metal concentrations for specific gravity. 28, 29 In conclusion, we observed higher urine, hair and blood Hg levels among dental professionals recruited at an ADA conference compared with the general US population, and these biomarker levels were reflective of exposures from amalgams (urine) and fish consumption (hair, blood). Overall, urine Hg levels among dental professionals have decreased over the last several decades owing to changing practices to improve safety and health. When considering health implications of occupational exposures, it is also important to evaluate concurrent exposures from nonoccupational sources (e.g., personal amalgams and fish) that contribute to Hg body burden and potentially to toxicity.
